Introduction
A key feature of sexual reproduction is the generation of motile sperm cells capable of migrating to and fertilizing an oocyte. Upon transfer to a female, sperm become motile and then must further modulate their motility in response to local cues during transit through the reproductive tract (Bloch Qazi et al., 2003; Suarez, 2008) . Thus, as for many other cell types that migrate during development, sperm motility is tightly and dynamically regulated in response to the external environment. However, unlike other cell types, sperm must accomplish these tasks without new protein synthesis. Instead they rely on interactions between soluble factors and cell surface receptors that trigger alterations in cellular physiology, ultimately leading to remodeling of cell structure and/or motility. In mammalian sperm, ion channel activity promotes several crucial steps in remodeling the internal and external properties of the sperm cell to render it competent for directional migration and fertilization; these include capacitation, the acrosome reaction, chemotaxis and acquisition of hyperactivated motility (Darszon et al., 2011; Lishko et al., 2011; Santi et al., 2013; Shukla et al., 2012) . Sperm from other species must undergo analogous processes of maturation and are similarly dependent on signals from the extracellular milieu (Darszon et al., 2008; Santella et al., 2012) .
In the nematode Caenorhabditis elegans, sperm lack flagella and instead move by crawling using a pseudopod (L'Hernault, 2006; Ward and Carrel, 1979) . Both motility and fertilization competence are acquired during a process termed activation, during which the pseudopod is generated and proteins important for fertilization are displayed on the cell surface. Both sexes make sperm, and activation is regulated in sex-specific ways to ensure that sperm become motile only when and where it is appropriate. For hermaphrodites, it is advantageous to initiate self sperm motility rapidly after its production, thus ensuring functional sperm are available to fertilize oocytes. For males, sperm motility must be prevented during storage within the gonad; otherwise, when mating occurs, sperm transfer fails (Stanfield and Villeneuve, 2006) . However, after transfer to a hermaphrodite, male sperm also need to become motile rapidly to migrate into the reproductive tract and avoid being swept out by Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/developmentalbiology the outward passage of oocytes (Argon and Ward, 1980) . Males accomplish this in part by including an activator(s) in seminal fluid, which is mixed with sperm during transfer (Shakes and Ward, 1989; Ward et al., 1983) . The two sexes have distinct genetic requirements for sperm activation that facilitate these differential spatial and temporal requirements. In hermaphrodites, a set of sperm-specific proteins, the SPE-8 group, is required for self sperm activation, possibly in response to a zinc signal (L'Hernault et al., 1988; Liu et al., 2013) . In males, the seminal fluid serine protease TRY-5 is a strong candidate to initiate activation (Smith and Stanfield, 2011) , but sperm factors involved in this male-specific pathway have not been identified. Although male sperm do not normally require spe-8 group function to activate via the male-specific pathway, they express these genes, and they can activate via the hermaphrodite pathway if the male activator is not present (LaMunyon and Ward, 1994; Smith and Stanfield, 2011) . Likewise, if hermaphrodite sperm lack spe-8 group function, they can "transactivate" in response to the male activator, which is transferred in seminal fluid during mating (Shakes and Ward, 1989) . For both sexes, it is unclear how signals are transduced into changes in cellular morphology required for sperm function.
In this study, we report the identification of snf-10 (snf, sodium: neurotransmitter transporter family) as a key regulator of sperm motility in C. elegans. SNF-10 is a member of the SLC6 (solute carrier 6) family of transporters, which couple the import of cargo such as amino acids, osmolytes, or monoamine neurotransmitters to the influx of sodium (Broer and Gether, 2012; Kristensen et al., 2011) . SLC6 transporter activity is crucial for cellular function and homeostasis in diverse tissues, from neurons to the mammalian kidney, and mutations in human transporters are implicated in hereditary forms of intellectual disability and aminoaciduria, among other diseases (Pramod et al., 2013) . In Drosophila, the SLC6 transporter Ntl (Neurotransmitter transporter-like) is required for spermiogenesis (Chatterjee et al., 2011) . Here we show that C. elegans SNF-10 is required in sperm for activation by protease signals via the male-specific pathway. The localization of SNF-10 is regulated during activation and dependent in part on the dysferlin FER-1, providing a link between signaling and cellular morphogenesis.
Materials and methods

Nematode growth and strains
Unless indicated otherwise, C. elegans nematodes were grown at 20 1C on NGM (nematode growth medium) seeded with Escherichia coli strain OP50 (Brenner, 1974) . The him-5(e1490) (Hodgkin et al., 1979) allele was present in all strains for which males were analyzed, including wild-type controls. Loss of him-5 does not affect sperm activation, but leads to nondisjunction of the X chromosome, resulting in $ 30% male offspring from self-fertilizing hermaphrodites and ensuring the presence of males in a strain. All strains were derived from Bristol N2 with the exception of the strain CB4856 used for mapping. Previously described alleles used in this work were fer-1 (hc1ts), spe-8(hc40, hc53), sem-4(n1378), unc-13(e51), ttTi5605, unc-119 (ed3, ed9), dpy-18(e364), spe-6(hc163), cxTi10816, spe-27(it110), dpy-20 (e1282), spe-17(ok2593), dpy-4(e1166), dpy-11(e224), swm-1(me66, me86, me87), him-5(e1490), unc-76(e911), fog-2(q71), nT1 [unc(n754) let qIs50], nT1[qIs51], mIs11.
For analysis of spe-27; snf-10 double mutant hermaphrodites, Dumpy non-GFP-positive offspring were selected from spe-27 dpy-20/nT1; snf-10 him-5/nT1[unc(n754) let qIs50] mothers or control spe-27 dpy-20/nT1; him-5/nT1[unc(n754) let qIs50] mothers. For analysis of spe-27; snf-10 double mutant males, Dumpy non-GFPpositive offspring were selected from crosses between spe-27 dpy-20/nT1; snf-10 him-5/nT1[qIs51] parents or control spe-27 dpy-20/nT1; him-5/nT1[qIs51] parents. For analysis of spe-17 sperm expressing SNF-10::mCherry, GFP-negative male offspring were selected from crosses between jnSi96[Psnf-10::SNF-10:mCh]; unc-119; spe-17/nT1; snf-10 him-5/nT1[qIs51] parents.
Cloning of snf-10
The allele jn3 was shown to be linked to the swm-1 him-5 region of chromosome V by the following data: swm-1(me86) him-5; jn3 males were crossed to dpy-11 swm-1(me86) him-5 hermaphrodites, nonDumpy F1 hermaphrodites were selected and allowed to self-fertilize, and 40/40 F2 Dumpy male offspring were non-Activated. For fine mapping, dpy-11(e224) swm-1(me86) snf-10(jn3) him-5(e1490) unc-76 (e911) hermaphrodites were crossed to CB4856 males, heterozygous F1 hermaphrodites were allowed to self-fertilize, and F2 Dpy non-Unc and Unc non-Dpy recombinant hermaphrodites were selected. Homozygous recombinants were isolated and scored for single-nucleotide polymorphisms using either restriction digest or sequencing. If the recombination breakpoint was potentially informative, the recombinant strain was crossed to swm-1(me86) him-5 and swm-1(me86) snf-10(jn3) him-5 strains to test for complementation with swm-1 and snf-10. We thus iteratively identified a $ 49 kb region between the polymorphisms WBVar00001560 and WBVar00001645 that contained jn3 (Supplementary Fig. 1 ; Wormbase release WS240).
Molecular biology and generation of transgenic strains
Standard procedures for molecular biology were used. RNA was isolated from mixed-stage him-5(e1490) worms using TRIzol (Life Technologies) and RNeasy (Qiagen). RACE (rapid amplification of cDNA ends) was performed using the GeneRacer system (Life Technologies) and RT-PCR was used to generate a full-length cDNA based on sequence data from RACE products.
For rescue experiments involving extrachromosomal arrays, a $ 3.9 kb PCR fragment comprising the snf-10 locus was amplified using the primers 5'-GGGTCCACGAGGTATAGAAGG-3' and 5'-CGGGAATTTCAATCGAGAAG-3'. This fragment was mixed with Psur-5::gfp plasmid (Yochem et al., 1998) at 75-100 ng/ml each and injected into swm-1(me86) snf-10(jn4) him-5(e1490) hermaphrodites (Mello et al., 1991) . Independent lines were founded from individual transgenic F1 hermaphrodites.
Single-copy transgenic strains were generated using MosSCI (Frokjaer-Jensen et al., 2012; Frokjaer-Jensen et al., 2008) . snf-10 constructs were generated in the pCFJ150 vector using Gateway cloning (Life Technologies) and injected into ttTi5605; unc-119 hermaphrodites. Details of primers used to generate expression constructs are available upon request.
Fertility and sperm competition
To measure hermaphrodite fertility, single L4 hermaphrodites were placed on plates and transferred daily until eggs were no longer produced. To measure male fertility, L4 males were placed with either spe-8(hc40); dpy-4(e1166) or fog-2(q71) L4 hermaphrodites in 1:1 crosses (i.e., one male was placed with one hermaphrodite) for 48 h; males were then removed and hermaphrodites were transferred daily. spe-8 hermaphrodites allow for detection of mating in all cases where seminal fluid is transferred, even if sperm are not functional (Shakes and Ward, 1989) , and fog-2(q71) hermaphrodites lack sperm and thus are essentially female (Schedl and Kimble, 1988) . To assay sperm competition, L4 males were placed with L4 dpy-4(e1166) hermaphrodites in 1:1 crosses for 24 h, males were removed, and hermaphrodites were transferred to new plates daily until egg laying ceased. For all fertility assays, non-Dumpy cross progeny and/or Dumpy self progeny were counted after reaching at least the L4 stage. Only broods for which hermaphrodites survived for at least four days were included in analyses. For these and other assays involving measurements of progeny, sperm migration, or mating, assays for control strains were done in parallel, assay data were compared among matched samples to control for variation in factors such as temperature and media quality, and each experiment was repeated 2-4 times.
Transactivation
To assay transactivation by males, fer-1 or fer-1; snf-10 L4 males raised at 25 1C were placed with L4 spe-8(hc53); dpy-4(e1166) hermaphrodites in 1:1 crosses for 48 h at 25 1C. After the mating period, adults were removed, progeny were allowed to develop until at least the L4 stage, and Dumpy self progeny were counted. Only matings lacking non-Dumpy (cross) progeny were included in analysis. To assay the ability of hermaphrodite sperm to transactivate, swm-1(me87) him-5(e1490); mIs11 males were placed with spe-27 dpy-20; him-5 or spe-27 dpy-20; snf-10 him-5 hermaphrodites in 1:1 crosses for 48 h; progeny counts and analyses were performed as for the male assays.
Sperm migration and mating frequency
Sperm transfer and migration rates were assayed in 1:1 crosses between MitoTracker-labeled males and spe-8(hc40); dpy-4(e1166) hermaphrodites as described in Stanfield (2006) . For infertile male strains, mating frequency was assessed by placing MitoTracker (Life Technologies) labeled males with sem-4 unc-13 or fog-2 hermaphrodites for 5 h and scoring for sperm transfer as described by Smith and Stanfield (2011) .
Sperm activation assays
The activation state of individual sperm cells was scored based on the absence or presence of a pseudopod visible by DIC microscopy. To measure the frequency of sperm activation within the male gonad, L4 males were isolated from hermaphrodites and scored 48 h later for the presence of activated or non-activated sperm within the seminal vesicle. Males were considered nonactivated if 100% of sperm lacked a pseudopod, fully activated if fewer than 1% of cells lacked a pseudopod, and partially-activated at intermediate frequencies.
Assays of in vitro activation were performed essentially as described by Shakes and Ward (1989) . Virgin 24-48 h post-L4 males were dissected in Sperm Medium (SM) containing 5 mM HEPES pH7.0 or 7.4, 50 mM NaCl, 25 mM KCl, 5 mM CaCl 2 , 1 mM MgSO 4 , and 10 mM dextrose. Additional medium with (SMþ) or without (SMÀ ) activator was added to the cells and images were collected every 3-5 min for 24-42 min. For each activator, wild-type controls and controls lacking activator were performed in parallel for each repeat, at least two slides were examined for each condition per experiment, and each experiment was repeated at least three times. Essentially no activation was ever observed on SM-slides. Between 42 and 181 cells were examined on each slide. Concentrations of activators used were: pronase, 200 mg/mL; triethanolamine (TEA), 60 mM; monensin, 5 Â 10 À 7 M; 4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid (DIDS), 0.4 mM; ZnCl 2 , 1 mM.
Immunocytochemistry
Sperm from 1-2 day post-L4 virgin males was dissected into SM onto Colorfrost Plus slides (Fisher). Fixation was performed by a freeze-crack procedure followed by immersion in ice-cold methanol for 15 min (Gleason et al., 2012) . Washes were performed in PBS pH 7.2 with 0.1% Tween 20 (PBSTw). Blocking (30 min) and antibody incubations (2 h each) were performed in PBSTw with 1% BSA. Antibodies used were: 1CB4 anti-MO monoclonal at 1:500 (Arduengo et al., 1998; Okamoto and Thomson, 1985) , rabbit anti-RFP at 1:1000 (Rockland ♯600-401-379), Alexa Fluor 568 goat anti-rabbit IgG at 1:500 and Alexa Fluor 488 goat anti-mouse IgG at 1:200-1:500 (Life Technologies).
Results
The SLC6 family transporter SNF-10 is required for sperm activation in swm-1 mutant males
Males with a mutation in the protease inhibitor gene swm-1 show premature sperm activation in the absence of an opportunity to mate. We took advantage of this ectopic sperm activation phenotype of swm-1 mutant males to perform suppressor screens searching for genes that promote sperm activation caused by protease signaling (Smith and Stanfield, 2011; Stanfield and Villeneuve, 2006 and data not shown). In wild-type males, sperm are stored in the seminal vesicle in the form of non-activated, round spermatids (Fig. 1A) . In swm-1 mutants, male sperm become prematurely activated prior to sperm transfer (Fig. 1B) , leading to infertility. We mutagenized strains carrying a mutation in swm-1 as well as in him-5 to ensure the presence of males (Hodgkin et al., 1979) , screened visually for males containing non-activated sperm, and isolated strains harboring suppressor mutations. One complementation group comprised four strong suppressors (jn1, jn3, jn4, jn20), for which nearly all swm-1; suppressor double mutant males showed a non-activated, wild-type phenotype (Fig. 1E ). All these mutations were recessive and mutant animals exhibited no obvious phenotypic defects apart from suppression of swm-1 (data not shown).
To identify the gene affected in these suppressor strains, we performed meiotic mapping of the jn3 suppressor mutation against the polymorphic Hawaiian strain CB4856 and localized jn3 to a 49 kb region of chromosome V (Material and methods, Supplementary  Fig. 1 ). Within this region, one gene, snf-10, had been shown previously to have sperm-enriched expression (Reinke et al., 2004; Reinke et al., 2000) . We determined the sequence of snf-10 in the four non-complementing mutant strains and identified specific lesions in each of them (Fig. 1F) . Additionally, we obtained a snf-10 deletion allele, hc194 (gift of Harold Smith), and constructed a snf-10(hc194) swm-1(me87) double mutant strain to test for suppression of the null Swm-1 sperm activation phenotype. We found that hc194 males appeared wild-type and showed full suppression of this allele of swm-1 in assays of both sperm activation and male fertility (Fig. 1C, D , G and H). To confirm that snf-10 was the affected gene, we introduced snf-10 transgenes into swm-1 snf-10 animals and scored sperm activation in males. Males harboring transgenes containing a $ 3.9 kb region encompassing the snf-10 coding sequence showed strong rescue of sperm activation (Material and methods; Fig. 1I ). Thus, function of the snf-10 gene is required for sperm activation resulting from misregulation of protease activity in C. elegans males.
snf-10 encodes a member of the SLC6 family of sodium-and sometimes chloride-dependent transporters (Beuming et al., 2008; Broer and Gether, 2012; Pramod et al., 2013) . In mammals, SLC6 transporters are functionally important in a variety of tissues, including the nervous system and kidney, and their loss is implicated in a number of inherited human diseases including Hartnup disease, hyperekplexia, and X-linked intellectual disability. The best-characterized family members reside on the plasma membrane and function to import specific cargo into cells. Different family members transport cargo such as amino acids, neurotransmitters, or osmolytes, and this activity is coupled to symport of sodium ions, as well as chloride in some cases. A highresolution structure has been determined for a prokaryotic SLC6 leucine transporter, LeuT (Yamashita et al., 2005) , which has showing the locations of mutant alleles isolated in the screen and the deletion hc194. The jn1 allele alters the splice donor of the second intron and is expected to result in an insertion of 16 amino acids (YLSEPNFSFFQNPQFR) between Arg169 and Thr170. The jn3 strain harbors two mutations, a missense change and a G to A change within intron 7 that is predicted to be silent. (G) Quantitation of suppression of the sperm activation phenotype of the null swm-1(me87) allele by the snf-10 deletion hc194. n, 31-74. (H) Male fertility is restored in a swm-1 snf-10 double mutant. Each point represents the total cross-progeny (non-Dumpy) brood of a single mated spe-8; dpy-4 hermaphrodite; bars represent medians. To permit depiction of all data points, some "0" data points are shown below the X axis. (I) Rescue of the sperm activation phenotype of snf-10 in three strains carrying independently-derived extrachromosomal arrays. Categories for stacked column as in Fig. 1E ; n, 32-39. facilitated biochemical analyses of transport and conductance activities of eukaryotic family members (reviewed in Kristensen et al., 2011) . Eukaryotic SLC6 proteins contain 12 transmembrane (TM) spanning regions, of which TM1-5 and TM6-10 subdomains show two-fold symmetry across the membrane and together compose the channel. Regions surrounding TM1, TM3, TM6 and TM8 are the most conserved among family members and are involved in substrate and sodium binding, as well as a number of highly conserved gating interactions.
Although clearly a member of the SLC6 family, SNF-10 is divergent by several criteria. SNF-10 is well-conserved in related Caenorhabditis nematodes, but we could not identify a clear ortholog from more distant species (data not shown). When compared against all family members, SNF-10 clusters with other SLC6 proteins from C. elegans but does not show particularly strong similarity to any specific SLC6 protein from mammals (Boudko, 2012 and data not shown). While the overall sequence of SNF-10 shows closest similarity to glycine transporters (e.g., it shares 58% similarity with human SLC6A5/GlyT2), its substrate-binding residues are not well-conserved with any SLC6 transporter with a known cargo ( Supplementary Fig. 2 ). In addition, residues directly implicated in sodium passage are divergent in SNF-10. Thus, SNF-10 falls within the orphan class of this large transporter family.
snf-10 is not required for fertility or sperm competition
Since snf-10 is required for the ectopic sperm activation that occurs in swm-1 mutant males, we reasoned that snf-10 might be required generally for males and/or hermaphrodites to activate their sperm. Sperm motility is required for fertility, as non-activated sperm cannot maintain their position within the female reproductive tract and are incompetent for fertilization, so we assayed fertility as a proxy to measure activation. To assess male fertility, we measured cross progeny produced by wild-type and snf-10(hc194) mutant males in crosses to spe-8; dpy-4 hermaphrodites. snf-10 mutant males were highly fertile and showed minor, if any, defects in progeny production ( Fig. 2A) . Thus, snf-10 male sperm are transferred, become activated, and fertilize oocytes at essentially normal levels. To assess hermaphrodite fertility, we counted progeny generated by self-fertilizing hermaphrodites. In C. elegans, virtually 100% of the self sperm generated during development go on to fertilize an egg, so measurement of self progeny is equivalent to quantitation of functional sperm. We found that snf-10(hc194) hermaphrodite brood sizes were only slightly reduced relative to those of wild-type controls, essentially within the variability observed for typical wild-type strains ( Fig. 2B and data not shown). Thus, snf-10 is dispensable for fertility in both males and hermaphrodites, consistent with involvement in the male-specific pathway for sperm activation (Smith and Stanfield, 2011) .
While motility is generally required for sperm function, males transfer large numbers of sperm and can be highly fertile even if a subset of cells is defective. However, assays of competition can reveal more subtle defects. We thus took advantage of the malehermaphrodite mode of reproduction in C. elegans to further evaluate snf-10 sperm function and determine their success in a competitive situation. In wild-type C. elegans, male sperm show strong preferential usage as compared to hermaphrodite sperm. After male sperm are transferred, the fraction of offspring sired by male sperm rises rapidly and often reaches close to 100% (LaMunyon and Ward, 1995) . If loss of snf-10 reduced activation, this male precedence effect might be reduced or delayed. To test this possibility, we performed crosses of snf-10(hc194) and wild-type males to dpy-4 recipient hermaphrodites and measured production of both cross and self progeny over time. We found that as compared to the wild type, snf-10 mutant males showed an equivalent level of early success, as measured by preferential generation of cross progeny (Fig. 2C) , indicating that snf-10 male sperm activate rapidly and then show normal precedence over hermaphrodite self sperm. However, at later time points, crossprogeny production was slightly decreased. Visual inspection of sperm transfer and migration using MitoTracker-labeled males failed to reveal any obvious differences between snf-10 and wild-type males (data not shown), suggesting that snf-10 males transfer a normal number of sperm, which activate rapidly and crawl to the spermathecae. It is possible that snf-10 sperm have reduced long-term viability as compared to the wild type. Regardless of these minor defects, the fertility and competition data indicate that snf-10 sperm are highly competent to activate, migrate, and fertilize oocytes.
snf-10 is not required for the production or transfer of male activator A sperm activator is transferred from males to hermaphrodites during mating (Ward and Carrel, 1979) . Previous analyses of suppressors of swm-1 identified TRY-5, a seminal fluid protease that likely functions as the male activator (Smith and Stanfield, 2011) . One possibility for snf-10 function was that it might be required for production and/or transfer of the male activator. As a specific assay for the male activator, males that fail to transfer functional sperm, but do transfer seminal fluid (e.g., a fer-1 mutant), can be crossed to spe-8 mutant hermaphrodites, whose sperm are defective for response to hermaphrodite activator, but not the male one. Self progeny, which arise from "transactivation" of hermaphrodite sperm by male seminal fluid, are then counted (Shakes and Ward, 1989) . To assay transactivation by snf-10 males, we crossed fer-1; snf-10 or fer-1 control males to spe-8; dpy-4 hermaphrodites and measured induction of Dumpy self progeny after mating. There was no statistical difference between transactivation levels caused by males mutant for snf-10 as compared to wild-type (Fig. 2D ). In addition, we looked directly at the pattern of TRY-5 expression and localization in animals mutant for snf-10. In wild-type animals, TRY-5::GFP is expressed within the male somatic gonad in cells of the seminal vesicle, valve and vas deferens, where it localizes to large vesicle-like structures; this pattern is unchanged in snf-10 mutant males (Smith and Stanfield, 2011 and data not shown). These data indicate that snf-10 is not required for production or transfer of male activator but rather functions in a downstream step of activation.
snf-10 functions cell-autonomously in sperm to promote sperm activation To address how SNF-10 regulates sperm activation, we sought to determine in which cells SNF-10 functions. snf-10 was previously reported to show sperm-enriched expression in genome-wide expression analyses (Reinke et al., 2004; Reinke et al., 2000) . To determine whether SNF-10 indeed functions in sperm, we performed tissue-specific rescue and inactivation experiments. First, we generated animals expressing the SNF-10 protein under the control of the sperm-specific peel-1 promoter (Seidel et al., 2011) and assayed for rescue of sperm activation in swm-1(me87) snf-10(hc194) males. Expression of SNF-10 in sperm fully restored the Swm-1 ectopic sperm activation phenotype, equivalent to expression using the snf-10 promoter (Fig. 3A) . Importantly, swm-1(þ ) animals carrying snf-10 transgenes contained non-activated sperm, indicating that the activation observed in the swm-1 mutant background represented rescue of snf-10 rather than a gain-of-function effect. To confirm that snf-10 function is required in sperm, we performed germ line-specific RNAi of snf-10, using a mutation in rrf-1 to reduce RNAi efficacy in somatic tissues (Kumsta and Hansen, 2012; Sijen et al., 2001) . When fed snf-10 RNAi bacteria, both swm-1 and rrf-1; swm-1 males showed equivalent levels of suppression of the Swm-1 sperm activation phenotype, consistent with strong reduction of snf-10 function in both genotypes (Supplementary Fig. 3) . Thus, activity of snf-10 in the germ line is both sufficient and necessary to promote sperm activation in males.
SNF-10 localizes to the sperm plasma membrane and is polarized to the cell body of mature spermatozoa
To examine snf-10 expression and protein localization within the germ line, we generated transgenic animals expressing snf-10 reporters under the control of the genomic region sufficient for rescue activity. To identify cells expressing snf-10, we used transcriptional Psnf-10::htas-1::mCh (mCherry) and Psnf-10::GFP:: H2B (histone H2B) reporters with fluorescent proteins targeted to sperm chromatin (Chu et al., 2006; Merritt et al., 2008) . Expression was visible in the male and hermaphrodite germ line in cells undergoing differentiation into spermatocytes as well as at later stages of spermatogenesis ( Supplementary Fig. 4 and data not shown). No fluorescence was visible in somatic tissues, in the mitotic or meiotic-prophase regions of the germ line, or in germline cells developing into oocytes.
To determine where in sperm the SNF-10 protein localizes, we examined Psnf-10::SNF-10::mCh worms expressing full-length SNF-10 fused to mCherry. Use of either the snf-10 genomic coding region or a snf-10 cDNA was sufficient for rescue of the sperm activation phenotype of swm-1 snf-10 mutant males (Fig. 3A and data not shown), indicating that the fusion protein was functional. C. elegans sperm show a stereotypical arrangement of cell structures (L'Hernault, 2006) (shown in Fig. 3B ). Non-activated spermatids are spherical and contain a central chromatin mass surrounded by mitochondria; the sperm-specific membranous organelles (MOs) reside adjacent to the Transactivation by snf-10 mutant males. Each point represents self progeny generated by an individual spe-8; dpy-4 hermaphrodite after crossing to the indicated male strain; bars represent medians. No significant difference between fer-1 and fer-1; snf-10 was detected (P 40.05, Kolmogorov-Smirnov test). plasma membrane. In activated, polarized spermatozoa, the cell body retains the nucleus, mitochondria, and MO fusion sites while the pseudopod contains the network of MSP filaments that power cell movement. We found that in spermatids, SNF-10::mCh was primarily localized to the cell cortex, with brighter concentrations in some regions, as well as in occasional puncta deeper within the cell ( Fig. 3C  and D; Supplementary Fig. 5A and B and data not shown). Due to the close apposition of MOs and the plasma membrane in spermatids, it is difficult to distinguish between them by conventional fluorescence microscopy, so this cortical localization could indicate the presence of SNF-10 on the plasma membrane, the MOs, or both. Thus we performed additional experiments to distinguish between these cellular compartments. First, we performed coincident imaging of SNF-10::mCh with two different MO markers, the monoclonal antibody 1CB4 (Okamoto and Thomson, 1985) and PEEL-1::GFP (Seidel et al., 2011) . We found that while the SNF-10::mCh and 1CB4 signals were very close and potentially overlapping, the areas of high cortical SNF-10 concentration were often distinct from MO puncta (Fig. 3C  and F) . Similarly, in live cells, SNF-10::mCherry was peripheral to PEEL-1::GFP ( Supplementary Fig. 5A-D) . Second, we examined SNF-10 localization in situations where MOs are located farther from the plasma membrane. In cells at earlier stages of spermatogenesis, MOs are distributed throughout the cytoplasm, and they move to abut the plasma membrane after the meiotic divisions (L'Hernault, 2006) . In secondary spermatocytes and immature spermatids, the majority of SNF-10 was localized to the cell cortex as at later stages, and this pattern was largely distinct from that of 1CB4; occasional cytoplasmic puncta appeared to show overlap (Fig. 3G-J and data not shown) . We also examined spe-17 mutant spermatids, which contain MOs and other organelles asymmetrically mislocalized within the cytoplasm (L'Hernault et al., 1993) . In spe-17 spermatids, SNF-10::mCh was present not only on the cell cortex but also in asymmetric, bright cytoplasmic foci, suggesting that some SNF-10 is indeed present on MOs, though it is also possible that SNF-10 is mislocalized in this mutant ( Supplementary Fig. 5E and F) . Taken together, these data suggest that in spermatids, the majority of SNF-10 is present in the plasma membrane, but we cannot exclude the possibility that at least a portion may localize to MOs as well.
In activated spermatozoa, SNF-10::mCh became restricted to the cell body region of the plasma membrane and was absent from the pseudopod (Fig. 3K and L) . In many cells, brighter cortical puncta were visible. These concentrations likely corresponded to the sites of fused MOs, as activated sperm retain stable invaginations at these sites that show elevated staining with plasma membrane markers, including dyes such as FM1-43, due to the increased concentration of membrane there (Washington and Ward, 2006 and data not shown). We sought to determine whether SNF-10::mCh localization would be altered in the mutant fer-1, in which MOs associate with the plasma membrane but fail to fuse with it during activation (Ward and Miwa, 1978; Washington and Ward, 2006) . We found that in activated fer-1 sperm, SNF-10::mCh was visible not only in cortical and intracellular puncta of the cell body but also on the pseudopod plasma membrane, from which it is normally excluded (Fig. 3M and N) . Thus, SNF-10 shows a restricted localization in spermatozoa, which is dependent on either FER-1 or some other protein that is absent from the cell surface when MOs fail to fuse.
snf-10 is required for sperm to respond to the male protease activator To understand how SNF-10 promotes sperm activation, we next sought to distinguish between a role in the "male" pathway downstream of protease signaling or a role in the "hermaphrodite" pathway, which requires spe-8 group activity and can be triggered by extracellular zinc (Liu et al., 2013) . Loss of the hermaphrodite pathway is sufficient to result in hermaphrodite self sterility, though males are fertile (L'Hernault et al., 1988) ; the activity of both pathways must be lost to result in male sterility (Smith and Stanfield, 2011) . Our swm-1 suppression screen could identify factors in either pathway, as loss of either leads to reduced activation of male sperm (Stanfield and Villeneuve, 2006 and G.M.S., unpublished results). However, spe-8 group; swm-1 double mutants show a characteristic "spiky" morphology associated with partial activation (Shakes and Ward, 1989; Stanfield and Villeneuve, 2006) , so our finding that swm-1 snf-10 double mutants show no sign of activation suggested snf-10 was in the male pathway. To test this explicitly, we assayed fertility in double mutants lacking the activity of both snf-10 and either try-5 or spe-8 group function. First, we generated try-5(tm3813) snf-10(hc194) double mutant males. Their fertility was at least as high as that of either single mutant and indistinguishable from that of wild-type worms (Fig. 4A) . Note that the try-5 strain showed slightly reduced fertility in this experiment (P o0.01, Kolmogorov-Smirnov test). (C) spe-27; snf-10 double mutant hermaphrodite sperm are unresponsive to transactivation, in contrast to spe-27 hermaphrodites whose self fertility is rescued after transfer of male seminal fluid. The symbol " À " designates controls in which no males were present (hermaphrodites were allowed to self-fertilize); " þ" indicates that swm-1 males were present (transactivation conditions). (D) spe-27; snf-10 double mutant males are completely infertile. The indicated males were crossed to fog-2 hermaphrodites for 48 h and total offspring were counted. (C and D) Bars represent medians. (E) snf-10 mutant sperm are resistant to in vitro activation by Pronase, but respond normally to other activators. Wild-type (WT) or snf-10(hc194) spermatids were dissected from males and incubated in activators as indicated. Graph shows percent of activated cells normalized to that observed in wild-type for each experiment. Error bars, 95% confidence intervals.
try-5 snf-10 hermaphrodites were also fully fertile (Fig. 4B) . We then generated animals doubly mutant for both snf-10 and the spe-8 group gene spe-27. spe-27(it110); snf-10(hc194) hermaphrodites were selfsterile, as expected due to the spe-27 mutation. To assay response to male activator, we performed transactivation assays by crossing these hermaphrodites to swm-1 mutant males, which are defective for sperm transfer but competent for seminal fluid transfer (Stanfield and Villeneuve, 2006 and data not shown). We found that spe-27; snf-10 double mutant hermaphrodite sperm were incapable of transactivation (Fig. 4C) . In addition, spe-27; snf-10 males were completely sterile in crosses to fog-2 "females" (Fig. 4D) . We confirmed that spe-27; snf-10 males were capable of mating and transferring sperm by staining them with MitoTracker dye and assaying transfer of labeled sperm after a 5 h mating period. While the frequency of sperm transfer for spe-27; snf-10 males was at least as high as that for the control (37/59 or 63% transferred sperm, as compared to 30/56 or 54% for spe-27), double mutant sperm were never observed to migrate towards the spermathecae (data not shown), consistent with failure to activate. Thus, loss of both snf-10 and spe-8 group activities results in profound sterility in both sexes, suggesting that all pathways to activation are blocked.
To further place snf-10 in the male pathway for sperm activation, we sought to distinguish between a role in the response of sperm to extracellular signals or a role in more downstream events. While sperm normally activate in response to extracellular cues, mutations in genes involved in spermatogenesis can lead to signal-independent activation (Liau et al., 2013; Muhlrad and Ward, 2002) . In particular, certain alleles of the casein kinase 1 gene spe-6 or other genes in this class suppress the sterility of spe-8 group mutants and lead to ectopic sperm activation within males. To determine whether snf-10 is required for this activation, we examined males mutant for both snf-10 and the activating mutation spe-6(hc163). spe-6; snf-10 double mutants showed a fully-activated phenotype indistinguishable from that of spe-6 males (Table 1) . Thus, snf-10 likely functions in the response of sperm to activator.
snf-10 is required for in vitro activation by proteases
The presence of SNF-10 in sperm suggests a role in reception or transduction of the activation signal. Little is known about how extracellular signals result in the morphological changes that occur during activation. However, sperm can be activated in vitro by a variety of different compounds that presumably alter cell physiology in ways that mimic or otherwise feed into the normal in vivo pathways (Liu et al., 2013; Machaca et al., 1996; Nelson and Ward, 1980; Shakes and Ward, 1989; Ward et al., 1983) . To probe the mechanism by which SNF-10 promotes sperm activation, we sought to determine whether its activity was required for response to these activators. Most activators were fully effective on snf-10(hc194) mutant sperm (Fig. 4D) . Treatment of snf-10 sperm with zinc, which is thought to activate sperm via the hermaphrodite pathway (Liu et al., 2013) , resulted in normal levels of activation as compared to the wild type. We observed similar results with the sodium-selective ionophore monensin and the weak base TEA, both of which lead to alkalinization of sperm cytoplasm (Ward et al., 1983) . snf-10 mutant sperm also activated normally with DIDS (4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid), a chloride channel blocker that has been shown to activate sperm with similar dose dependence as seen for inhibition of a spermatid Clir channel activity (Machaca et al., 1996) . Thus, all of these activators apparently bypass SNF-10's function in sperm activation. However, snf-10(hc194) mutant sperm failed to activate in Pronase, a mixture of protease activities that are thought to mimic the male activator (Smith and Stanfield, 2011) . Wild-type sperm activate rapidly to high levels (often 495%) when incubated in Pronase, but even when snf-10 cells were subjected to extended treatment (42 min, over twice as long as normally required), almost no activation was observed. Furthermore, Pronase-treated snf-10 spermatids remained spherical and lacked any signs of spiking or other cytoskeletal extensions. To assess whether MO fusions might still occur in the absence of other morphological rearrangements, we incubated spermatids in the vital membrane dye FM1-43 during Pronase treatment, but observed no fusion events in snf-10 mutant spermatids (0/268 snf-10 cells showed one or more fusions after 15 min, as compared to 169/198 wild-type cells). Therefore, the results of both our genetic analysis and in vitro assays indicate that SNF-10 functions specifically in the male pathway and is required downstream of TRY-5 for sperm to respond to protease sperm activation signals.
Discussion
Like flagellate sperm, the ameboid sperm of C. elegans and other nematodes require motility to migrate to and fertilize an oocyte. Successful sperm motility requires both execution of a complex differentiation program during cellular development as well as appropriate responses to environmental cues encountered during the migration process. In C. elegans, the regulation of sperm motility is further influenced by its male-hermaphrodite mode of reproduction. As a result, C. elegans harbors a surprisingly complex network of factors that control the activation of sperm to a motile state. Males and hermaphrodites utilize sex-biased but redundant pathways to ensure that their sperm become motile in the correct time and place to promote reproductive success. In this study, we describe a role for an SLC6 family transporter, SNF-10, in C. elegans sperm activation. SNF-10 is required for sperm to respond to protease signaling for activation via the male-specific pathway. However, it is completely dispensable in hermaphrodites as well as in most known physiological activation assays in vitro. SNF-10 functions in sperm and localizes to the plasma membrane, placing it in a prime position to transduce signals from extracellular protease activity to effect subcellular morphogenesis.
The SLC6 transporters (also known as NTT for neurotransmitter transporters, NSS for neurotransmitter sodium symporters, or NAT for nutrient amino acid transporters) are members of the larger superfamily of APC (amino acid-polyamine-organocation) transporters (Vangelatos et al., 2009) , which comprises several protein families with similar structure but unrelated primary sequence. Characterized SLC6 family transporters couple the import of molecules such as amino acids, monoamine neurotransmitters, or osmolytes to the import of sodium and often chloride ions. However, channel activity uncoupled from cargo movement also has been observed (DeFelice and Goswami, 2007) . Much focus has been on the monoamine transporters, taking advantage of pharmacological approaches to analyze transport activity and its regulation by trafficking, posttranslational modifications, and interactions with other proteins (Broer and Gether, 2012) .
Is SNF-10 an active transporter, and if so then what is its cargo? In keeping with its function in reproduction, SNF-10 is a relatively divergent member of the SLC6 family. Its substrate-binding region is not well conserved, making it difficult to predict specificity. In addition, none of the typical molecules transported by SLC6 proteins are present in the sperm medium used for in vitro activation studies, suggesting that such a cargo is not required for activation or is generated in situ at the cell surface and works in a paracrine fashion. Given the variety of transport activities exhibited by the family, it is also possible that SNF-10 promotes sperm activation via channel activity rather than transport of larger cargo. The influx of ions is well known to regulate motility of flagellate sperm in a variety of ways (Darszon et al., 2011; Lishko et al., 2011; Santi et al., 2013; Shukla et al., 2012) . Less is known about the relationship between cellular ion physiology and motility of nematode sperm, although activation to motility requires specific ions and can be induced by compounds that challenge cellular ion homeostasis (Liu et al., 2013; Machaca et al., 1996; Nelson and Ward, 1980; Shakes and Ward, 1989) . Furthermore, pH gradients within the cell may act to regulate dynamics of the pseudopodial MSP cytoskeleton, as shown for the larger sperm of Ascaris suum (Italiano et al., 1999; King et al., 1994) . Thus, it is likely that ameboid nematode sperm use ion flux as a way to sense and respond to their environment, just as flagellate sperm do. Alternatively, SNF-10 might lack transport activity and instead function in signal transduction, perhaps in a receptor or scaffolding role. Functions for SLC6 family members that may be based on protein-protein interactions rather than any form of transport or channel activity have been identified previously. For example, the Drosophila SLC6 protein Bedraggled has been shown to play a role in tissue polarity in the eye (Rawls et al., 2007) . Recently, C. elegans SNF-12 was shown to function in innate immunity by binding to STA-2, a STAT transcription factor, promoting transcriptional responses to fungal exposure (Dierking et al., 2011) . In both of these cases, it is unclear whether any canonical transport activity is involved. In activated spermatozoa, SNF-10 becomes restricted to the cell body region of the plasma membrane. This localization pattern is so far unique, but a number of other spermatozoan cell surface proteins (SPE-9, SPE-38) are restricted to the pseudopod, while others (FER-1, TRP-3/SPE-41) are found on both the pseudopod and cell body (Chatterjee et al., 2005; Washington and Ward, 2006; Xu and Sternberg, 2003; Zannoni et al., 2003) . Little is known about how nematode sperm polarization is regulated, including how specific protein domains are established, but several membrane proteins are sequestered in MOs prior to activation and could be involved in the polarization process. For example, the function of SPE-38 is required for the proper distribution of TRP-3/SPE-41 (Singaravelu et al., 2012) . Since SNF-10 does not appear to play a major role in sperm after activation, its polarized localization might arise from earlier interaction with other proteins that remain restricted to the cell body region.
Related to this idea, we find that in fer-1 spermatozoa, SNF-10 is no longer confined to the cell body but rather is distributed throughout the plasma membrane. FER-1 and other dysferlins are involved in membrane fusion in a variety of contexts including muscle repair as well as neurotransmission (Lek et al., 2011) . While activated fer-1 sperm are grossly polarized, specific proteins involved in fertilization are trapped in unfused MOs and thus absent from the sperm surface (Chatterjee et al., 2005; Xu and Sternberg, 2003) . Our data suggest that restriction of SNF-10 to the cell body is dependent on interaction with either FER-1 or possibly another protein derived from MOs, since FER-1 is not itself restricted to the same domain as SNF-10 ( Lek et al., 2011) .
We have found that SNF-10 is primarily present on the plasma membrane in spermatids, but our data also suggest that some SNF-10 could be present on MOs. There is precedent for such a site of action: while most SLC6 proteins are present on the plasma membrane, some other family members are localized to intracellular vesicles (e.g., Parra et al., 2008; Renick et al., 1999) . Their function in this location has not been analyzed, though when expressed on the plasma membrane at least one shows a typical sodium-dependent cargo import activity. We speculate that SNF-10 could function to alter cytoplasmic ion or osmolyte homeostasis via the release of pools present in MOs.
How does SNF-10 function downstream of protease activity to promote the morphological changes associated with sperm activation? One simplistic but intriguing model is that SNF-10 is cleaved directly by the serine protease TRY-5 (Fig. 5A) . Importantly, such cleavage should induce or alter, but not eliminate, SNF-10's activity. If so, this would define a novel regulatory mechanism for SLC6 family proteins. Several of the monoamine transporters have been shown to be cleaved by calpain-family proteases, but this resulted either in reduced activity or in no functional consequence (e.g., Baliova and Jursky, 2010; Baliova et al., 2009 ). Overall, little data exists to address if positive or negative regulation of the family by proteolysis could be more widespread. Another possibility is that in spermatids, SNF-10 associates with an inhibitor that is itself cleaved by TRY-5, leading to SNF-10's activity (Fig. 5B) . Finally, if SNF-10 functions on the MOs, activation or de-inhibition by TRY-5 would necessarily be indirect ( Fig. 5A and B) .
Another SLC6 transporter, Ntl, has been shown recently to be required for spermiogenesis in Drosophila (Chatterjee et al., 2011) . Some mammalian SLC6 transporters show testis expression (Farmer et al., 2000; Hoglund et al., 2005) , including the protein SLC6A16, which also shows divergent sequence features as compared to family members expressed in other tissues. However, the mammalian testisexpressed genes have not been analyzed genetically so the nature of their role in spermatogenesis is unknown. Our identification of SNF-10 as a regulator of sperm activation in C. elegans suggests a shared role for SLC6 proteins in sperm physiology and function from invertebrates to mammals.
